Phenotypic plasticity provides a mechanism by which an organism can adapt to new or changing environments. Earlier studies have demonstrated the variability of Diaphorina citri Kuwayama (Asian citrus psyllid) population dynamics, but no analysis of morphological changes induced by seasonal or artificial laboratory-induced conditions has yet been documented. Such morphometric variation has been found to correspond in dispersal capabilities in several insect taxa. In this study, the effects of temperature and photoperiod on morphometric variation of D. citri were examined through laboratory rearing of psyllids under controlled temperatures (20 C, 28 C, and were field-collected monthly from three citrus groves in Fort Pierce, Gainesville, and Immokalee, FL, to evaluate potential field-associated environmental effects. Both traditional and geometric morphometric data were used to analyze the correlation between environmental and morphometric variation. A strong correlation was found between temperature and shape change, with larger and broader wings at colder temperatures in the laboratory. Short day length resulted in shorter and narrower wings as well. From the field, temperature, rainfall, and photoperiod were moderately associated with shape parameters. Adult D. citri with blue/green abdomens collected in the laboratory and field studies were larger in size and shape than those with brown/gray abdomens. 
The Asian citrus psyllid, Diaphorina citri Kuwayama, is the vector of gram-negative bacteria that cause Huanglongbing (HLB) or "citrus greening" (Bové 2006 , Gottwald 2010 , Grafton-Cardwell et al. 2013 . The vector and HLB are found in many citrus-growing areas of the world, including the Americas, Asia, and Oceania (Narouei-Khandan et al. 2015) . Diaphorina citri are able to transmit all three species of the phloem-limited bacteria believed to cause HLB: Candidatus Liberibacter asiaticus (CLas), Candidatus Liberibacter americanus, and Candidatus Liberibacter africanus (Lallemand et al. 1986 , Bové 2006 . CLas is currently the only Liberibacter sp. found in the United States (Grafton-Cardwell et al. 2013) . Citrus-growing areas currently still free of the Asian citrus psyllid or CLas, such as Australia, Europe, or Africa, have the suitable environmental conditions for both the pathogen and the vector, making vigilant preventive measures important (Narouei-Khandan et al. 2015) . Once HLB-positive, groves may become unprofitable after 10 years or less of having the disease (Bové 2006) .
The effect of biotic (rearing density, host plants, etc.) and abiotic (temperature, photoperiod, precipitation, etc.) factors on phenotypic variation, including morphology of D. citri, is poorly understood. A field study in Mexico showed that morphometric factors of D. citri differed when individuals were collected from different host plants in the field (Garc ıa-Pérez et al. 2013) . However, there were no controls for abiotic factors. Recently, Paris et al. (2016) determined that host plants can affect wing size and shape independent of abiotic factors. Morphological shape and size differences have also been observed from D. citri collected in different regions of Iran, Pakistan, and Florida, with Iranian and Floridian populations exhibiting the most similar morphologies (Lashkari et al. 2013 (Lashkari et al. , 2014 .
It is unknown which selective agents result in the observed phenotypic differences of D. citri collected from different locations
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throughout Asia and North America (Lashkari et al. 2013 (Lashkari et al. , 2014 (Lashkari et al. , 2015 . Phenotypic variation in the environment may be the result of neutral (e.g., genetic drift) and/or adaptive (environmental) processes (Mayr 1947 , Kekkonen et al. 2012 , Oneal and Knowles 2013 . Transplant experiments can be used to decipher whether the observed response is owing to plasticity or local adaptation (Oneal and Knowles 2013) .
Temperature was considered a possible selective agent producing the observed intraspecific variation of Drosophila melanogaster Meigen in different latitudes in Australia (Gilchrist et al. 2000) . Selection agents on the fruit fly Drosophila serrata Malloch may also be the cause of distinct wing morphologies in northern and southern Australia (Hoffmann and Shirriffs 2002) . Temperature may also have an indirect effect on shape by providing more time for development, as in the grasshopper, Chorthippus brunneus (Thunberg) (San Martin et al. 2012) . Many insect morphologies follow the temperature size rule, which states that insects reared in colder environments should increase in size (Atkinson 1994) . For example, when immature Drosophila sp. develop at relatively low temperatures, wing length increased, compared with those reared at higher temperatures (Tantaway 1964 , Stalker 1980 . Drosophila subobscura Collin collected in different latitudes exhibited morphometric variation when reared at the same temperatures in the laboratory, indicating that a genetic component for the determination of wing size exists (Misra and Reeve 1964) . Wing loading ratios of D. subobscura vary based on temperature (Gilchrist and Huey 2004) . In the case of the fruit flies, Drosophila mulleri complex and Drosophila melanica group, the wing loading ratios change under different temperature rearing conditions (Starmer and Wolf 1989) .
Temperature and precipitation are considered the main environmental factors that drive the evolution of psyllid morphology (Hodkinson 2009 ). In Thailand, the psyllid Heteropsylla cubana Crawford had shorter wings and smaller eggs at 30 C compared with 20 C (Geiger and Gutierrez 2000) . However, no morphological assessment regarding the effect of temperature on D. citri morphology has yet been undertaken. Nevertheless, development times of D. citri differed in the tropical/temperate region of Peshawar, Pakistan, in accordance with seasonal variation in temperature (Shahid and Khan 1976) . Laboratory studies indicated that D. citri develops optimally in terms of the net reproductive rate at 28 C (Liu and Tsai 2000) . Although the theoretical low threshold for D. citri development is 10.9 to 11.7 C, no D. citri developed in the laboratory below 15 C (Liu and Tsai 2000) . At 15 C, the generation time for D. citri slows to approximately 49 d (Liu and Tsai 2000) , compared with 14 d at 30 C (Liu and Tsai 2000) . In Florida, D. citri populations decline during the winter, which may reflect slower development times (lower temperatures) and a lack of suitable flush for nymph development (Qureshi and Stansly 2010) . Flush is defined as newly emerged leaves that are soft and have a yellow-green color, compared with mature leaves, which are leathery, hard, and dark green (Syvertsen et al. 1981) . Flush is essential for oviposition and nymphal development of D. citri (GraftonCardwell et al. 2013) . Another factor that may influence psyllid morphology is photoperiod. The effect of photoperiod on temperate psyllids has been well-documented. For example, the pear psyllid, Cacopsylla pyricola (Fö rster), responds to photoperiodic changes with production of different phenotypes (Mustafa and Hodgson 1984, Horton and Lewis 1996) . The winter form of the pear psyllid is induced by exposure to a short day length of 12:12 (L:D) h during nymphal development. Similarly, the summer form is produced under a long day length of 16:8 (L:D) h (Mustafa and Hodgson 1984, Horton and Lewis 1996) . However, although photoperiod played a role in the development of seasonal forms, temperature appeared to be the primary factor driving winter or summer form morphology of C. pyricola (Mustafa and Hodgson 1984) . No studies have examined the effect of photoperiod on D. citri morphology.
The purpose of this investigation was to evaluate the effect of temperature and photoperiod on adult D. citri morphology through the use of both traditional and geometric morphometrics. These studies were conducted in the laboratory and supported by field collections.
Materials and Methods

Insect Colonies
Diaphorina citri used in this study were obtained from a USDA stock colony (Gainesville, FL) established in 2000 from wild-caught D. citri in Fort Pierce, FL. The psyllids were collected prior to the discovery of HLB in FL in 2005 (Halbert 2005) , and no additional wild-caught adults were introduced into the colony after the initial collection. The colony of D. citri was maintained on orange jasmine, Murraya paniculata L. Jack (Rutaceae), in a greenhouse maintained at 29 6 3 C. 
Temperature Treatments
Adult D. citri were obtained from the colony (maintained under conditions described earlier) and reared on M. paniculata in screened cages (60 by 60 by 60 cm, BugDorm model 2120, Megaview Science Co. Ltd., Taichung, Taiwan) in three environmental chambers (Percival, Perry, IA) maintained at either 20 6 0.5 C, 28 6 0.5 C, or 30 6 0.5 C at a photoperiod of 16:8 (L: D) h and RH ranging from 40 to 50%. One temperature represented an optimal temperature (28 ) for D. citri oviposition, nymphal survivorship, and the most rapid egg to adult development time for D. citri (Liu and Tsai 2000) . Higher (30 C) and lower (20 C) temperatures were selected because they were suboptimal for rearing with increased generation times (Liu and Tsai 2000) . Temperature and relative humidity were recorded using Hobo data loggers (Onset Computer Corporation, Bourne, MA) . For each temperature regime tested, adult D. citri were reared for two generations prior to morphometric analysis. To obtain the first generation, 50 adult D. citri were placed into each of the two screened cages in the environmental chambers. Each cage contained two M. paniculata plants with flush. In each cage, adults were allowed to oviposit for 3 d, followed by adults being removed from the cages and eggs left to develop. To obtain the second generation, progeny adults were removed and new flushing M. paniculata placed in each cage. The progeny adults were then returned to the cages and allowed to oviposit for 3 d, after which they were removed. Once the second generation of adult D. citri had developed, adults were collected and placed in storage at À20 C until measurements were made. In total, 56 D. citri (20 C, n ¼ 16; 28 C, n ¼ 15; 30 C, n ¼ 25) were evaluated. 
Preparation and Digitization of Specimens
The right forewing and the tibia of the right foreleg of female D. citri were mounted onto microscope slides using 10% bovine serum albumin solution. Digital photographs were made of the forewing and tibia using an ultra-small high-performance zoom lens (Keyence, Model: VH-Z100R) and a free angle observation system (Keyence, VH-S30K). Only female D. citri were used to avoid sexrelated bias in the morphometric analysis. Measurements were made of the forewing and tibia using ImageJ (version 1.47), an opensource software produced in conjunction with the National Institutes of Health (Schneider et al. 2012) . The tibia was used in our study as an approximation of body size. Similarly, the tibia has been used as an approximation for body size in Musca domestica (Kjaersgaard et al. 2015) . To calibrate the digital image in ImageJ, a 1-mm scale was photographed at the beginning of each session at the same distance from the lens and same magnification.
Traditional Morphometrics
Ten length measurements were made in total with one of the tibia (right foreleg) and nine of the wing (right forewing) using vein and wing nomenclature derived from Hodkinson and White (1979; Fig. 1A, B) . Seven of the measurements were calculated as the interlandmark distance using the Pythagorean Theorem:
The seven interlandmark distances calculated using the Pythagorean Theorem involved the following veins: (3) length of the M þ Cu 1 vein, (4) length of the Cu 1 vein, (5) length of the Cu 1b, (6) length of the Cu 1a vein, (7) length of the M vein, (8) length of the M 1 þ 2 vein, and (9) length of the R s vein. The remaining three measurements were length measurements, which included (1) wing length measured as the distance between the proximal end of the C þ Sc vein to the wing apex, (2) wing width measured as the distance between the apex of the anterior to the apex of the posterior forewing, and (10) tibial length. Two ratios were derived from the wing and tibia measurements: wing aspect ratio (wing length divided by wing width) and wing loading (wing length divided by tibia length).
Geometric Morphometrics
To assess the shape of D. citri wings, 11 landmarks were identified at the intersection of veins and at locations where veins met the wing margins (Bookstein 1991, Rohlf and Marcus 1993; Fig. 1C) .
Locations of landmarks were digitized on an X-and Y-axis using ImageJ and the plugin PointPicker (http://bigwww.epfl.ch/thevenaz/ pointpicker/; Thévenaz 2013). Only right forewings of female D. citri were used.
Data Analysis
Linear measurements using traditional morphometrics were analyzed with the null hypothesis that there were no significant differences between treatments on the measurements of D. citri. Linear measurements were log-transformed prior to analysis, which was conducted using R (R Development Core Team 2013), R Studio (Racome 2011) , and the R package 'agricolae' (Felipe de Mendiburu 2015) . Data derived from D. citri reared in environmental chambers were analyzed using Welch's two-sample t-test. Data derived from field collections and laboratory assays at different temperatures were analyzed with ANOVA followed by Tukey HSD mean separation (P 0.05).
Principal component analysis (PCA) was used to determine which measurements contributed most to variability. A second ordination method, canonical variate analysis (CVA), was used for the same purpose while considering the group or treatment effects on the multivariate data (Campbell and Atchley 1981) . As the CVA can overestimate group differences, a cross-validation matrix was used to estimate error associated with group assignment by CVA (Viscosi and Cardini 2011) . Multivariate analysis of variance (MANOVA) was used to compare group means of different linear measurements of D. citri collected in the field or reared under different laboratory treatments. Ordination methods (CVA and PCA) and the MANOVA were conducted using Paleontological Statistics Software (PAST) v. 3.04 (Hammer et al. 2001) .
For geometric morphometric analysis, the coordinates of the 11 different landmarks were modified by Procrustes superimposition, which maintains shape information, while at the same time removing information regarding rotation, size, and orientation (Dryden and Mardia 1998, Rohlf and Slice 1990) . Measurement error and landmark placement error were quantified using Procrustes ANOVA. Allometry can cause shape variation (Gould 1966 ) and can affect shape analysis (Klingenberg 1996) , and to avoid allometric effects, residuals obtained from regression of the Procrustes coordinates on the centroid size were used in the analysis. Data patterns were visualized using PCA and CVA, and the error term for group assignment by CVA was determined from a confusion matrix (Viscosi and Cardini 2011) . Two-block partial least squares (PLS) analysis was performed to test for covariation between wing shape and various ecological measurements. Field ecological covariates included the average daily temperature over a month, sum of the total precipitation over a month, and the average length of day for a month. The laboratory ecological variables considered were day length or time during which the lights were on and temperature of environmental chambers. Two-block PLS analysis was used to determine the relationship of shape change to ecological variables (Adams and Rohlf 2000, Ben ıtez et al. 2014) . The PLS method maximizes the covariation between shape variables and tested factors (Ben ıtez et al. 2014) . Significance of the correlation between the shape and environmental vectors created by the PLS was tested by permutating singular vectors for 10,000 rounds (Ben ıtez et al. 2014) . The PLS analysis was visualized by two graphs: the scatterplot depicting the correlation of the PLS scores and wireframe visualizations of shape change in the first two PLS axes. The PLS, PCA, CVA, Procrustes ANOVA, and Procrustes superimposition were conducted using the open-source morphometrics software MorphoJ v. 1.04a (Klingenberg 2011) . A Mantel test with 10,000 permutations was also undertaken to assess possible relationships between shape variation and geographic distance. The mantel test was conducted using R (R Development Core Team 2013) in R Studio (Racome 2011) with the Imap (Wallace 2012) and vegan packages (Oksanen et al. 2016) .
Results
Effect of Temperature
Temperature had a significant effect on wing length (F 2,53 ¼ 6.99; P ¼ 0.002), tibial length (F 2,48 ¼ 4.80; P ¼ 0.01), the Cu1 vein Fig. 3 A) , but not wing loading (tibia length/wing length; F 2,50 ¼ 2.21; P ¼ 0.12; data not shown). The wing aspect ratio was highest for D. citri reared at 20 C and lowest for those reared at 30 C (Fig. 3A) . Those reared at 28 C were intermediate in wing aspect and not different from those reared at either the higher or lower temperature.
Procrustes ANOVA of the geometric data indicated that differences were owing to temperatures, with measurement error owing to incorrect landmark placement negligible, as the mean squares values of the error (landmark placement) were lower for both the centroid and shape of D. citri than the individual variation of D. citri (Table 2 ). The first four components of PCA (PC1 ¼ 21.29%, PC2 ¼ 14.49%, PC3 ¼ 11.60%, PC4 ¼ 8.95%) accounted for a total of 56.33% of variation observed in the data.
Significant differences were observed among D. citri geometric morphometric parameters at different rearing temperatures, as indicated by complete separation between the 95% confidence ellipses derived from the CVA (Fig. 4A) . In addition, Mahalanobis distances indicated significant differences between morphometrics of D. citri reared under different temperatures (Table 3) . Wireframe visualizations that compare average wing shape (gray lines) with wing shape values for each temperature indicated clear variations in shape between different temperature regimes, with those at the higher and lower temperatures being more broad (Fig. 4B-D) . Wing shape and the effects of temperature on displacement of the wing shape were significantly correlated according to PLS analysis (r 2 : 0.610, P ¼ 0.002; Fig. 5A ). Wireframe visualization of the displacement of the wing shape (black lines) resulting from temperature indicated a narrowed wing. The landmark displacement (black wing) occurred most strongly along landmarks 2-3, 6, 8-11, and 13 (Fig. 5B) .
Effect of Photoperiod
Photoperiod had little effect on measured morphometric traits, except for wing vein Cu 1b , which was significantly shorter under short day than long day rearing conditions (t 27 ¼ 2.09, P ¼ 0.05; Fig. 6A ). However, wing aspect ratios (wing length/wing width) for D. citri reared under short day length conditions were greater than for those reared under long day length conditions (t 25 ¼ À3.46, P ¼ 0.002; Fig. 6B ). There was no photoperiodic effect on mean wing loadings (t 23 ¼ 1.08, P ¼ 0.29; data not presented). Procrustes ANOVA indicated that the error owing to landmark placement (error 1) was negligible for both the centroid and shape (Table 2 ). The first four principal components (PC1 ¼ 27.52%, PC2 ¼18.79%, PC3 ¼ 12.56%, PC4 ¼ 8.88%) accounted for 67.75% of the variation observed. Discriminant function analysis (DFA) revealed clear separation between wing shapes of D. citri reared under different photoperiods (Fig. 7A) , with a Mahalanobis distance of 3.66 between the two treatments. Wireframe visualizations indicated that D. citri reared under short day length conditions had narrower wings than those reared under long day length photoperiod (Fig. 7B) . Landmarks 5-9 tended to be more distally placed in the latter, whereas landmarks 10-11 were displaced basally. Landmark 3 in short-day D. citri was displaced basally, whereas landmark 6 tended to shift inwards, narrowing the wing, with landmark 10 being less of a factor. A posteriori DFA resulted in 100% correct classification of D. citri into the proper group, whereas jackknife cross-validation was only 53% correct, indicating that DFA inflated results. PLS analyses of wing shape and photoperiod were moderately, though not significantly, correlated, (r 2 : 0.62, P ¼ 0.07).
Color Morphs
Psyllids reared under different temperature regimes with blue/green abdomens were larger than those with gray/brown abdomens (Fig. 2B) .Blue/green D. citri were significantly larger than the gray/ brown in traits that included wing length (F 1,49 ¼ 5.68; P ¼ 0.02), wing width (F 1,49 ¼ 4.08; P ¼ 0.04), length of the Cu 1 vein (F 1,49 ¼ 5.01; P ¼ 0.03), length of the M vein (F 1,49 ¼ 7.80; P ¼ 0.007), and length of the R s vein (F 1,49 ¼ 4.74; P ¼ 0.03). However, no difference in wing aspect ratio (wing length/wing width) between gray/brown and blue/green D. citri (t 53 ¼ 0.40; P ¼ 0.70) was noted (data not shown). Wing loading ratio (tibia length/wing length) was greater for blue/green D. citri compared with gray/brown (t 47 ¼ À2.95; P ¼ 0.005; Fig. 3B ). There were no significant effects of photoperiod on size parameters of different color morphs (Welch's T-test, P < 0.05). When color was incorporated into a generalized linear model for ANOVA, there were two significant differences as a result of an interaction between photoperiod and color morph for the Cu 1 vein (F 1, 23 ¼ 6.78, P ¼ 0.02) and the M 1 þ 2 vein (F 1, 23 ¼ 5.53, P ¼ 0.03), which may be attributable to small sample size. 
Field Collection
There were significant differences among months in terms of wing length (F 11, 805 Procrustes ANOVA demonstrated that the error owing to landmark placement (error 1) was negligible both to centroid and shape for D. citri collected in the Fort Pierce, Immokalee, and Gainesville areas ( Table 5 ). The Mantel test of Procrustes distances indicated a weak negative correlation (À0.16), but this test was not significant (P ¼ 0.63; 10,000 permutations). The first four principal components (PC1 ¼ 14.90%, PC2 ¼ 13.51%, PC3 ¼ 11.05%, PC4 ¼ 9.41%) accounted for 48.87% of the variation. A CVA of the D. citri from all locations indicated that there were significant differences between months based on the isolation of the 95% mean confidence ellipses in the months of February, March, May, and June (Fig. 9) . Mahalanobis distances between different months were greatest between March and May and least between December and April (Table 6 ). Broader wing shapes were detected from January through June, with narrower wing shapes beginning in midsummer (June, July) and continuing to appear in the fall (October) and winter (November, December; Fig. 10) . Interestingly, D. citri in September and August are broader in shape, which may correspond to the fall flush cycle.
PLS analysis of the general association between shape and environmental factors representing monthly average of temperature, precipitation, and day length was analyzed, with weak associations between the environmental variables and the shape variables (temperature: r 2 ¼ 0.21, P perm ¼ 0. 0001; rainfall: r 2 ¼ 0.21, P perm ¼ 0.0001; photoperiod: r 2 ¼ 0.18, P perm ¼ 0.006; Fig. 11 ). The covariation of wing shape with different environmental factors was visualized by wireframes (Fig. 11) . The covariance pattern of the PLS analysis for temperature and shape variation indicated that landmarks 1, 2, 3, 5, and 7-11 were most integral contributors to shape variation (Fig. 11A) . For the PLS analysis involving rainfall and shape variation, the landmarks 1-3, 7-9, and 11 were most important (Fig. 11B) . The covariation of photoperiod with shape variation indicated that the most important landmarks for the shape variation were 1-3, 5, and 7-8 (Fig. 11C) However, the visualization of the discriminant scores indicated a large degree of overlap between the two different color morphs. The confusion matrix indicated that 64% of D. citri were correctly classified based on color morph. Cross-validation had a slightly less degree of classification, with 59% based on color morph.
Host Plants
There were also significant differences between D. Similar to the DFA of color morphs, there was significant overlap between D. citri collected from the two different plant species (data Table 4 . Mean (6 SE) (mm) wing and tibial measurements and ratio of female D. citri not shown). The Mahalanobis distance between D. citri collected from different plant species as determined by DFA was very small (0.90). Subtle differences among D. citri no doubt contributed to the low correct classification of D. citri according to the host plant collected, 64%, given that the cross-validation correct classification rate was 62%.
Discussion
Environmental factors were significantly correlated with morphometric variation in both laboratory-reared and field-collected D. citri. Measurements of field-collected D. citri from five different locations throughout Florida were significantly correlated with temperature, rainfall, and photoperiodic environmental variables, but not location. The Mantel test assumes that there is a linear relationship between the shape variation and geographic distance Fortin 2010, Ben ıtez et al. 2014) , and these data indicated that there was a lack of a relationship between location and morphometric variation.
Temperature clearly impacted size, as adult D. citri reared at 20 C were larger than those reared at 30 C and would have de-
veloped at approximately half the rate based on prior laboratory studies (Liu and Tsai 2000) . Slower development and increased size are consistent with the temperature size rule that states that organisms grow larger if their growth efficiency is linked to temperature (Ray 1960, Kingsolver and Huey 2008) . Thus, a relationship between development time and nutrition was not unexpected. The temperatures recorded in the field did not reach an average temperature of 30 C (Supplemental Table 1 ). Therefore, the laboratory rearing conditions were more drastic than those of the D. citri collected in the field from 2011 to 2013 (Supplemental Table 1 ). As a result of the fairly stable temperatures recorded from 2011 to 2013, other factors such as the nutritional flush available on mature citrus trees with increasing temperatures may be more critical to wing size of D. citri. For example, the pear psyllid, Cacopsylla pyricola, had higher densities of eggs and nymphs when the amount of nitrogen fertilization was increased (Pfieffer and Burts 1983) . The relationship of temperature and wing shape was evident in both the laboratory and field. However, the temperature effect was much weaker in the field-collected specimens compared with those from the laboratory. While temperature steadily increases from the spring to the summer in Florida, the quantity of flush in the grove may rise and fall, accompanied by an increase in the numbers of D. citri (Hall and Hentz 2008) . Factors that may contribute to wing shape and size include intraspecific and interspecific competition (B. Udell, personal communication) and predatory pressure (Michaud 2004 , Qureshi and Stansly 2009 , Monz o et al. 2014 . Furthermore, D. citri collected in the field represented mixed ages, some of which could have developed in a previous month (see Liu and Tsai 2000 for development time variation of D. citri). Moderate and significant correlations between temperature and shape singular vectors were reported from several species of European beetles (Ben ıtez et al. 2014 , Lemic et al. 2016 .
Photoperiod appeared to have relatively little effect on morphometrics of D. citri. Although PLS analysis of measurements of fieldcollected D. citri indicated significant correlation with photoperiod and r values were moderate to high, they were not significant for the laboratory-reared D. citri under different photoperiods. Similarly, there was no significant photoperiodic effect on size, except for one vein measurement and the wing aspect ratio. Insensitivity of wing morphology to rearing photoperiod may possibly be a consequence of the subtropical climate in the supposed origin of D. citri in Southwest Asia/India, where flush may be available most of the year on some varieties of citrus plants (Hodkinson 2009 , Lashkari et al. 2013 , Lashkari et al. 2015 . Geographically, Florida is at a semitropical latitude with relatively little variation in day length (3:21 h in LaBelle) over the course of the year. The collection sites in this study included day lengths that ranged from 10.1 to 13.9 h per day. In Florida, there are significant differences in terms of rainfall and temperature across the seasons (B. Udell, personal communication). The laboratory data showed that adult D. citri do not respond to photoperiod within these limits when temperature and plant nutrition are controlled; it is likely that the results from the significant PLS analysis in the field were related to other factors such as temperature and rainfall. Many invertebrates in lower latitudes exhibit morphometric variation at different seasons as a result of chemical changes brought on by the declining quality of nutrition of their host plant or as a response to temperature changes (Nijhout 2009 ). Rainfall exerted a significant but weak correlation with shape change of adult D. citri collected in the field. Rainfall has been correlated with an increase in the population of D. citri growing on M. paniculata by increasing the flush available (Liu and Tsai 2000) . The fall and winter months in Florida are significantly drier than spring and summer (Hall and Hentz 2008, Supplemental Table 1 ).
The largest flush event in Florida occurs in the spring, with smaller flushing events in the summer and fall (Hall and Albrigo 2007 , Qureshi and Stansly 2008 . However, rainfall does not always correlate with flush development on mature trees in citrus groves, although flush on immature citrus trees was correlated with increased adult numbers (Hall and Hentz 2008) . Rainfall induces flush on citrus most dramatically when citrus experiences drought stress (Bain 1949) . The effect of rainfall on flush production may be obscured through irrigation and other factors throughout the year (B. Udell, personal communication). One effect of rainfall is to alter host plant quality, which may influence the morphology of insects (Morecroft et al. 2002) . Similar to temperature, rainfall was significantly correlated with shape changes in several species of European beetles (Ben ıtez et al. 2014 , Lemic et al. 2016 .
Seasonal patterns in morphological data were detected. Wing shapes differed in adult D. citri in spring and early summer compared with late summer, fall, and winter. Population-based studies have suggested that D. citri disperse during the spring and summer based on evidence from survey data of Florida citrus groves (Manjunath et al., 2008 , Qureshi and Stansly 2009 , Hall and Hentz 2011 . Recently, field surveys conducted in central Florida documented that D. citri movement occurs primarily in the spring and summer (Lewis-Rosenblum et al. 2015) . Conversely, the fall has been a time of increased D. citri trap catches in D. citri population studies in citrus groves of Brazil and Texas (Manjunath et al. 2008 , Beloti et al. 2013 , Sétamou and Bartels 2015 .
Another factor that can influence morphological traits of plant-feeding insects is the quality and species of host plants. Data on the effect of host plant on morphometrics were limited to field collections from Florida. Although shape of D. citri did differ between the samples from two host plant species, there was no clear separation, with considerable overlap in the shape and poor classification power. Although our field data were not convincing in terms of showing shape differences between D. citri from different locations, size differences were apparent. Adult D. citri collected from M. paniculata in the field were significantly smaller than D. citri collected from C. sinensis Valencia. Size differences in field-collected D. citri have been reported from psyllids reared from six different citrus varieties (Garc ıa-Pérez et al. 2013) . In that study, wing length and genial process length of D. citri collected from C. sinensis Valencia were also larger than those from M. paniculata. Laboratory studies have documented a slight variation in oviposition as well as size and shape differences for D. citri reared from six different varieties of citrus Hentz 2016, Paris et al. 2016) . Differences in color morph of D. citri may potentially provide an insight into differences in wing development and morphometrics, as they are considered to be representative of nutrition quality received during nymphal development (Wenninger et al. 2009 ). Color morphs of D. citri collected in the field in Immokalee and Gainesville, FL, and those D. citri reared in the laboratory had significant differences in size, but not shape. Although the two color morphs (gray/brown, blue/green) were significantly different, they were not very strong in terms of classification power. A greater ability to disperse may be associated with a greater wing loading ratio, which was detected from blue-green morphs of D. citri. Complicating our understanding of the significance of the color morphs is the ability of some D. citri to change color morph from gray/brown to blue/green over time when exposed to plant flush (Wenninger and Hall 2008) . Furthermore, the ability of gray/brown adult D. citri to increase in mass based on their exposure to new flush provides evidence that color morphs may develop as a function of the available nutrition in host plants during nymphal development. One study has reported that blue-green-colored D. citri flew further than gray/brown-colored individuals (Martini et al. 2014) .
This study demonstrated that adult D. citri exhibit morphometric seasonal differences, with spring and summer D. citri different in general from fall and winter D. citri. Based on a field study in Central Florida, seasonal variation in D. citri shows a transition from dispersing to nondispersing at the grove level, with dispersal events peaking in the spring and summer (Lewis-Rosenblum et al. 2015) . Future studies with D. citri should be undertaken in the laboratory to understand the effects of different wing shapes on flight efficiency. Dragonflies on migration were found to possess broader wing shapes, compared with the nonmigrating dragonflies (Johansson et al. 2009 ). Morphometric differences were observed between D. citri reared under different temperature regimes in the laboratory, but little or no morphometric variation was observed between D. citri reared under the two photoperiod regimes tested. The lack of influence of photoperiod on morphometric variation presumably relates to the origin of D. citri in low latitudes similar to Florida. Temperature, however, affected the development of different phenotypes in the D. citri in the laboratory. Whether the morphometric variation of D. citri in Florida is the result of plasticity or local adaptation needs further testing. Understanding the morphometrics of D. citri will provide citrus producers and pest managers more insight into ecological variables that result in the observed D. citri population dynamics. Further research regarding the impact of wing shape and size of D. citri on flight efficiency is needed to provide more precise predictions for optimally effective pesticide applications.
